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IN1RODUCTION 
Eddy current NDE has been used for many years to effectively detect defects in 
conducting materials [1]. However, a major limitation associated with the technique is that 
imaging techniques are generally qualitative classification schemes which rely on calibration 
procedures. This is because eddy current phenomena are governed by diffusion, and as 
such, quantitative inversion/imaging schemes which rely on properties of wave propagation 
such as diffraction, scattering, and time-of-flight are not applicable. 1his paper will examine 
the possibility of using phase shifts associated with time-harmonic eddy current phenomena 
to solve quantitative inverse problems in the same manner that phase shifts of wave 
propagation are used. 
The governing equation for the electric field associated with eddy current NDE is given by 
2- a"E 
'i/ E - 1lCJ- = 0 
at (1) 
which is a parabolic partial differential equation describing diffusion [2]. The time-harmonic 
counterpart of (1) is an elliptic equation given by 
2- -
'i/ E - jCOllcrE = 0 (2) 
On the other hand the electromagnetic wave phenomena underlying millimeter and microwave 
NDE are described by 
(3) 
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which is a hyperbolic partial differential equation [2]. The second time derivative arises from 
Maxwell's displacement current which is negligible in eddy current phenomena Without this 
term wave propagation does not exist [3]. The time-hannonic counterpart to (3) is given by 
(4) 
The fact that (2) and (4) are similar differential equations has led many researchers to treat eddy 
current NDE as damped wave phenomena [4-6]. This in tum has led to the utilization of imaging 
techniques normally associated with wave propagation on eddy current phenomena governed by 
diffusion. Operationally, these schemes are based on shifts in phase present in fields governed 
by both (2) and (4). At issue is whether it is physically reasonable to apply such algorithms to 
diffusive phenomena That is, do these resulting images accurately characterize the medium 
interrogated. The paper is divided into two parts. Part one utilizes I-D analysis to allow a clear 
interpretation this problem. Part two utilizes a 2-D eddy current finite element model to 
investigate imaging applications. 
I-D ANALYSIS 
The goal of analyzing this problem in a single dimension is to clearly illustrate how phase 
shifts associated with impedance measurements relate to phase shifts associated the complex ratio 
of incident and reflected wave fields, a measurement technique commonly used for wave 
phenomena. Figure 1 shows the geometry utilized for the I-D analytic study in which a slab of 
thickness L is placed over a semi-infinite halfspace. The material properties of both the slab and 
the semi-infinite half space are known and the inverse problem is to determine the thickness L of 
the slab. To determine L, a time-hannonic magnetic field of constant amplitude Ho is placed at 
the surface x = O. Either wave propagation or diffusion will be generated in slab I depending on 
the source frequency and material parameters. The electric field E is not constrained except that it 
must be continuous across the interface. As the thickness is varied, the electric field at the surface 
x = 0 will change. This change is measured and used to solve the inverse problem. The general 
governing equation (4) for time-harmonic electromagnetic phenomena is solved analytically with 
the appropriate boundary conditions for the geometry of Figure 1. The treatment of the 
electromagnetic phenomena as either wave propagation or diffusion depends on the coefficient 
(5) 
where Clll1E corresponds to displacement current and CIl\JD corresponds to conduction current. If 
the term corresponding to displacement current is present. wave propagation occurs and if this 
term is sufficiently small then the process is well approximated as diffusion. For wave 
phenomena. this source represents a uniform plane wave. while for diffusion. the source 
represents a coil that induces a uniform magnetic field parallel to the surface. 
x 
x=L I-----------------r' 
Figure 1. Geometry for the I-D inverse problem. 
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For wave-based techniques such as millimeter wave NDE or microwave NDE. the 
measured quantity is generally the complex ratio of reflected field to incident field. There is a 
phase shift from the time-of-flight of the reflected or scattered field when compared to the 
incident field [7]. This phase shift can be used to determine the thickness L in the test situation. 
Eddy current NDE is governed by diffusion and so does not support wave propagation. Since 
there are no distinguishable incident and scattered fields, this measurement technique is not 
applicable to eddy current NDE. In time-harmonic eddy current tests the measured quantity is 




obtained from the test circuit. In terms of the field quantities of interest in the 1-D problem .. the 
measured quantity is instead the ratio of the electric field to magnetic field. or intrinsic impedance 
1\. which has an associated magnitude and phase 
11 = ! = 1111 La. 
H 
(7) 
This parameter is used in this study for both wave and diffusion test situations studied here. To 
force the phase to wrap about the origin. a differential measurement procedure is used, in which 
the intrinsic impedance with L = 00 is subtracted from the intrinsic impedance with an interface at 
x = L. As L is increased. the differential intrinsic impedance approaches zero. 
RESULTS 
The objective of this study is to identify the relationship between the measured phase shift 
a of the intrinsic impedance, 11, and the distance, L, to the surface causing that phase shift. In 
wave propagation. for instance, this relationship is known to be linear. In this section, the phase 
shift of the complex intrinsic impedance at the surface x=O is plotted as the thickness of slab I is 
varied for various ratios of displacement to conduction current. They are obtained from analytic 
solutions of the system of Figure 1. which are calculated by solving the general equation (4) with 
appropriate boundary conditions. The fields can exhibit either wave propagation or diffusion 
depending on the material properties and frequency. Of interest is what occurs if the phase shifts 
of intrinsic impedance are treated as phase shifts which result from the round trip time delays 
associated with incident and reflected fields, which for the geometry of Figure 1 would give linear 
phase shifts of a = -213L. Figure 2 shows intrinsic impedance measurements obtained with a 
frequency of 2 GHz and material properties such that displacement current is present and wave 
propagation occurs in slab I. The semi-infinite half space is treated as a perfect conductor. and the 
slab is a dielectric with varying loss. The phase angle of the intrinsic impedance is plotted against 
the changing thickness of the slab. Figure 2a shows the phase shift with the finite slab having the 
properties of free space. The phase shift is linear and equal to -I3L; the discontinuity is due to a 
change of sign in an arc tangent function. An inverse algorithm which assumes the phase shift is 
the same as the phase shift arising from the complex ratio of incident and reflected waves would 
result in a factor of two error. Figure 2bshows the phase shift of intrinsic impedance at x = 0 
with a = 1 Slm, Il = Ilo. £ = £0 in the slab. The phase shift is now nonlinear and the inverse 
scheme would have to be modified to account for this material dependent nonlinearity. Figure 2c 
shows the phase shift of intrinsic impedance with a = 5 Slm, j.I. = 1-10, £ = £0 in the slab for which 
the waves are heavily dampea. Although the phase shift is nonlinear, it approximately follows the 
linear relationship of -2131, which is the same phase shift associated with the round trip time-of-
flight of incident and reflected wave fields. In this case two different measurement schemes give 
similar phase shifts. If the phase shift of Figure 2c was treated like that associated with incident 
and reflected fields. the inverse problem could be solved with error resulting only from the slight 
nonlinearity. 
Next, the source frequency is reduced to 500 KHz and the slab given the material 
properties of stainless steel with a =1.4 x 106 S/m.1l = ~ and £ = Eo. Displacement current is 
negligible in comparison to conduction current so the phenomena is well approximated as 
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Figure 2_ Phase shifts of intrinsic impedance associated with wave propagation_ (f = 100 GHz, 02 
= 00, II. = IJ{) £ = Eo- a) Slab I, 0 = 0 S/m, II. = IlO £ = Eo, b) Slab I, 0 = 1 S/m, II. = IJ{) £ = £()C) Slab I 0 
=5 S/m, II. = IJ{) E = EO. 
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Figure 3. Phase shifts of intrinsic impedance associated with diffusion. (f=2 MHz, Slab I: 0 = 1.4 
x 106, II.=IJ{) £=£0) a) Slab II: 0 = 00, 1I.=1lO £=EQ b) Slab II: 0 = 0, 1I.=1lO £=EQ c) Slab II 0 = 1.57 x 106, II.=IJ{) 
£=EO. 
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conductor, air, and a metal with a conductivity only 10 percent different than that of stainless steel 
Figure 3a shows the phase shift of intrinsic impedance at x = 0 when the stainless steel slab is 
placed over a perfectly conducting halfspace and the thickness of the slab is changed. The 
measured phase shift (dotted line) is nonlinear, but follows closely to a linear slope of -2~1 (solid 
line). Here ~ = a. = 118 where 8 is the skin depth associated with diffusion which is 0.30 mm 
here. 1bis phase shift is very similar to the phase shift seen when wave propagation governs and 
the phase delay of incident to reflected fields is measured. If the phase shift were assumed to be 
linear like the -2~L phase shift arising from the delay of incident and reflected waves, the 
thickness could be calculated exactly in the linear region after a skin depth. However, if the slab 
were 0.15 mm thick, treating the phase shift as linear can be shown to result in a 25 percent error 
in the determination of the thickness of the slab. Next, the stainless steel slab is place over a 
semi-infmtie halfspace with the properties of free space. The phase shift of intrinsic impedance 
(dotted line) of Figure 3b shows that once again there is a nonlinearity, however, after 
approximately one skin depth the phase shift becomes linear and approaches -2~1 (solid line). 
The nonlinearity is different from that of Figure 3a, and is thus material dependent In both cases 
the phase shift is linear when the current perturbation from the defect is weak. Finally, the 
stainless slab is place over a semi-infmite halfspace with conductivity only 10 percent different 
from that. Qf stainless steel. This slight interface will give a only a small current perturbation. 
Here the phase shift is linear and equal to -2~l. In the case of small current perturbation, either 
resulting from a small change in material properties, or a defect a significant distance away, the 
phase shift of impedance of diffusion phenomena behaves exactly the same as the phase shift 
associated with time delays of incident and reflected fields of wave propagation. Thus, in certain 
situations, an inverse scheme developed for wave phenomena could be applied to eddy current 
phenomena. 
2-D IMAGING 
Using the results of the I-D analysis, a numerical study was performed utilizing a 2-D 
eddy current fmite element model. An imaging algorithm which relies on phase shifts associated 
with round trip time delays of wave propagation was used to image defects with eddy current 
impedance measurements. The imaging scheme is a synthetic aperture focusing technique 
(SAFf) that utilizes the phase shifts of 2~ which occur when a wave field travels to a from a 
scatterer a distance d from a source [7]. The SAFT routine is not describe here, however, it 
utilizes the fact that scatterers on equiphase contours will give identical phase shifts. This 
imaging routine assumes that the equiphase contours occur on spherical (cylindrical in 2-D) wave 
fronts. If an appropriate backpropagation filter is applied over an image array using phase data 
obtained at various scan positions, a maximum will occur at the position of the scatterer. Since it 
has been demonstrated that in certain instances phase shifts resulting from diffusion are similar to 
those of wave propagation, the backpropagation algorithm is applied to eddy current NDE 
phenomena. The eddy current geometry is shown in Figure 4. Because of the 2-D geometry, an 
actual coil is not modeled, instead, a current carrying rail is used as a source. The rail has a 
frequency of 2 MHz and is moved over a sample with the properties of stainless steel (cr=1.4 x 
l()6'Il=1J{) e=GQ). The sample contains a small void defect one skin depth deep. 
y 
Figure 4. Eddy current finite element geometry. 
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Saft baseline (mm) 
Figure 5. SAFT image with current rail over stainless steel slab. The void position is (0.797, 
0.305), the SAFT maximum is (0.729, 0.990). 
The impedance of the current carrying rail is calculated at 81 baseline positions as 
Z' = Z<Efect - Zno <Efect (8) 
and is input into the SAFT algorithm. Figure 5 shows the SAFT image with the small square at 
the position of the void. The dark regions correspond to a maximum in the imaging routine. The 
image is very poor, with defect position and SAFT maximum differing substantially. 
This large error occurs because the equiphase contours of the eddy currents are not 
circular but are distorted as shown in Figure 6a. The 2-D SAFT imaging routine assumes that the 
equiphase contours are circular, as they are in the presence of an ideal wave source. Thus, the 
algorithm will not create a maximum at the defect, but at some arbitrary position. This issue was 
addressed in [4] where to correct the problem an eddy current probe was designed which would 
emit spherical "wavefronts", or diffusion equiphase contours. A method which is currently being 
developed by the authors is that of adjusting the imaging scheme to account for the distorted 
equiphase contours. However, for simplicity, in this study the equiphase lines are made circular 
by removing the interface and changing the problem to that of a current carrying rail in a stainless 
steel full space. The geometry is exactly like that of Figure 4, except that now the air is replaced 
by stainless steel. The equiphase lines are now shown in Figure 6b and are circular. The SAFT 
routine is applied to impedance measurements obtained with the new geometry and the image is 
shown in Figure 7a. The SAFT maximum is much closer to the actual defect than it was 
originally, howeover, there is still a large error. This error is due to the averaging which takes place 
when the impedance of the current rail is calculated. The current rail in the finite element model 
consists of 72 elements. When the impedance is calculated, the electric field is integrated and 
thus averaged over all of the elements in the coil. This has the effect of smearing the phase and 
introduces errors into the imaging scheme. To eliminate this problem, the current rail is reduced 
in size and made to consist of only two elements, thus acting like a point source. When the 
impedance is calculated, the averaging is reduced and so is the smearing of the phase data. The 
SAFT maximum and the defect occur at the same point, as shown in Figure 7b. Thus, in the 
absence of averaging, and with a defect which causes weak current perturbation, the phase shifts 
of impedance behave like the phase shifts associated with the travel time delays of incident and 
reflected wave fields. This phase shift can then be used to generate images associated with 
diffusion. Finally, the void is moved closer to the surface to cause more current disruption. This 
would be expected to introduce nonlinearities which would lead to errors. The SAFT result is 
shown in Figure 8 and the SAFT maximum did not accurately predict the defect location, which is 
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Figure 6. Eddy current equiphase contours. a) Current rail over a stainless steel halfspace, 
b) CUl11!nt rail embedded in a stainless steel fullspace. 
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Figure 7. Fullspace image. a) Current rail consisting of 72 elements: defect position 
(0.797,0.305), SAFf maximum (0.749, 0.394) b) Current rail consisting of 2 elements: 
defect position (0.797,0.305) SAFf maximum (0.797,0.305). 
SAFT baseline (mm) 
Figure 8. Image with defect nearer to surface: defect position (0.797, 0.108) , SAFf 
maximum (0.788, 0.087) 
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All of the SAFf images shown have poor image resolution. This is due to two major 
factors: one, the attenuation of the eddy current fields results in a narrow baseline which 
limits angular resolution; two, the eddy current phase repetition length is 21t8, and thus there 
is a physical limitation as the amount of resolution which could be obtained. The frequency 
could be increased, however, this would of reduce the skin depth. This problem has been 
addressed by many researchers in this area [4-6]. A common technique of addressing this 
is to multiply the phase shift by a constant factor m, which has the result of decreasing the 
phase repetition length. This is effective when there is only one defect, in the presence of 
multiple defects the dynamic range is significantly reduced. 
CONCLUSIONS 
This study has considered the application of imaging schemes normally associated 
with wave propagation to eddy current phenomena govemed by diffusion. A 1-D study was 
carried out which showed that phase shifts of eddy current impedance measurements are in 
certain instances very similar to those associated with phase delays of traveling wave fields. 
In the case of small perturbations the phase shifts are the same and vary linearly with 
distance tR the defect - Eddy current impedance measurements were used in a 2-D fmite 
element stUdy to generate SAFf images. The SAFf plots accurately depicted the location 
of subsurface defects, however, there are many limitations listed below: 
1. Material dependent nonlinearities 
2. Distortion of equiphase contours 
3. Large phase repetition length 
4. Limited SAFf baseline due to attenuation 
5. Averaging of impedance data over coil geometry. 
The nonlinearities and distortion of equiphase contours could possibly be compensated for 
by adapting the imaging scheme based on either a Green's function or a numerical model. 
However, 3 and 4 appear to be intrinsic problems. The averaging also seems to be an 
inherent problem associated with the geometry of the coil. Further research is being done to 
address these issues. 
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